The ontogeny of immunospecific cell surface determinants on preimplantation mouse embryos was determined by means of an antibody-dependent complement-mediated cell lysis assay. The determinants conferring sensitivity to lysis in that assay were first observed at the late blastocyst stage on embryos recovered from normal pregnancy on day 5 or grown to an equivalent stage in vitro. Although blastocysts recovered during the dormant phase associated with delayed implantation were not lysed, those recovered following reactivation with an injection of oestrogen to the mother were sensitive. Furthermore, it was found that treating the dormant embryos with neuraminidase rendered them sensitive to lysis. These results demonstrate that the appearance of specific cell surface determinants on mouse embryos is temporally associated with the process of attachment to the uterus in both normal pregnancy and at termination of the dormant phase associated with delayed implantation. They also indicate that those determinants may be 'masked' with sialic acid during embryonic diapause. It is suggested that such cell surface determinants could be important for embryo attachment and that the mechanism responsible for their expression may explain some aspects of the synchronization between the preimplantation conceptus and its mother at the time of implantation. 06.00 h) and were killed by cervical dislocation at various times 'Reprint requests.
Introduction
There have been numerous reports in recent years of exper¬ iments in which peri-implantation mouse embryos were probed with various antibodies, lectins or charged particles to detect changes in the pattern of expression of cell surface determi¬ nants. In some cases changes in expression of particular deter¬ minants were found at about the time of implantation and it has been suggested that such factors are involved in attachment of embryos to the uterine epithelium (see Solter and Knowles, 1979; Weitlauf, 1988; and Carson et al, 1990 for reviews). A few investigators have examined the patterns of expression of some of these factors during the dormant and reactivation phases associated with delayed implantation, where it might be expected that the expression of elements that are critical for attachment would be deferred or 'masked' in some way until the signal for implantation is given. Results from these studies indicate that certain of the surface molecules are modulated during delayed implantation including H2 and non-H2 antigens (Hakansson and Sundqvist, 1975; Searle et al, 1976; Hathaway and Babiarz, 1988; Hjortberg and Nilsson, 1990) , specific carbohydrate moieties (Jenkinson and Searle, 1977; Carollo and Weitlauf, 1981; Chavez and Enders, 1982) , and the cell adhesion molecule cell-CAM 105 (Svalander et al, 1987) . Such factors then become even stronger candidates for a role in embryo attachment and implantation. The experiments reported here were prompted by the observation that mouse blastocysts become sensitive to lysis by certain types of commercially prepared normal rabbit serum containing complement at about the expected time of implan¬ tation, whereas those in the dormant phase of delayed implan¬ tation do not (Klemke, 1993) . The possibility that the surface determinants responsible for this sensitivity are important for embryo attachment and implantation led us to examine their ontogeny. Embryos were recovered at various times during normal implantation and during the dormant and reactivation phases of delayed implantation and tested for expression of the determinants by means of an antibody-dependent complementmediated cytolytic assay. The results indicate that expression of these specific cell surface determinants is temporally associated with embryo attachment and that the mechanism responsible for their appearance may provide synchronization between the conceptus and the mother at the time of implantation.
Materials and Methods

Collection of preimplantation embryos
Virgin white Swiss mice (6-8 weeks of age) were placed with males of proven fertility and the finding of a vaginal plug on the following morning confirmed mating (designated day 1 of pregnancy/embryo development). Pregnant animals were housed in rooms with controlled lighting (dark 19.00 h- Fig. 1 . Phase-contrast photomicrographs of day 5 mouse blastocysts: (a) untreated control; (b) undergoing lysis after being exposed to heat-inactivated normal rabbit serum (NRS) and complement (15 min; arrow indicates swollen trophoblast cell); and (c) inner cell mass cleared of lysed trophoblast cells (60 min). Bar = 20 µ . on days 3, 4 or 5; their reproductive tracts were removed and the embryos recovered by flushing the oviducts (i.e. day 3) or uterine horns (i.e. days 4-5) with a stream of tissue culture medium (Dulbecco's modified Eagles' medium, DMEM, Gibco, Grand Island, NY) containing 10% heat-inactivated fetal bovine serum (FBS, Gibco) from a hypodermic syringe fitted with a blunt needle. Embryos from several animals were pooled, rinsed twice with DMEM-FBS and transferred directly to the various test conditions. In other experiments, blastocysts were recovered from the uteri of animals on various days of the dormant phase of delayed implantation (or during reactivation); treatment of the embryo donor animals consisted of bilateral ovariectomy on day 3 and daily injections of progesterone (i.e. 2.0 mg in 100 µ sesame seed oil, s.c). In some cases reactivated embryos were recovered at times on days 8-9 (i.e. after donors were given an injection of 25 ng oestradiol combined with 2.0 mg progesterone, s.c, on day 8; Weitlauf and Greenwald, 1968 ).
In vitro culture of embryos Embryos were recovered on day 3 and incubated (at 3 7°C in 5% C02) in wells of a Terasaki plate for one or more days before testing (Nunclon, Newbury, CA; i.e. one embryo per well in 10 µ of DMEM-FBS). The plates were incubated either upright to allow embryo attachment and outgrowth or inverted (i.e. hanging drops) to prevent attachment and outgrowth (Morris and Potter, 1990 ).
Antibody-dependent complement-mediated cytolytic test for surface antigens (cytolytic assay)
The cytolytic assay described by Solter and Knowles (1975) was used with minor modifications. In brief, normal rabbit serum (nonimmune rabbit serum absorbed with mouse spleen and red cells, lot no. 07211, Pel-Freez Clinical Systems, Brown Deer, WI) was heated to 56°C for 30 min to remove endogenous complement activity (NRS) and then used as a source of antibody; guinea-pig serum served as a source of complement (Gibco, lot no. 17K5100). Both NRS and comp¬ lement were distributed to small vials and stored at -70°C. In all experiments, NRS and complement were thawed, diluted to the appropriate concentration with DMEM and used immedi¬ ately. Conditions for the assay were as follows: 1-15 embryos were preincubated for 60 min at 37°C with 10-50 µ NRS at a dilution of 1:25 (v/v). They were then washed twice with DMEM and placed in 10-50 µ of complement at a dilution of 1:10 (v/v) for 60 min at 37°C. Typically, within 10 min of being exposed to complement the trophoblast cells became swollen and began to lyse; trophoblast lysis was essentially complete by 30-45 min. Cell destruction was evaluated using the standard vital dye exclusion method (i.e. trypan blue in PBS, 0.2% v/v; Sigma T-8154, St Louis, MO). Embryos were examined and photographed with an inverted Nikon diaphoto microscope with phase contrast optics . Those embryos with all trophoblast cells lysed at 60 min were recorded as positive (compare Fig. la, b and c). In most cases either all trophoblast cells were lysed or embryos had essentially no stained cells (i.e. < 1% of the embryos with cells taking up dye exhibited incomplete destruction of the trophectoderm). The results are expressed as the percent lysis (i.e. (number of embryos with all trophoblast cells lysed) x (total number tested)-1 x 100). Some embryos were treated similarly except the NRS or comp¬ lement were omitted as controls. All experiments were done three times with 5-15 embryos from at least five animals. Where linearity of the lytic reaction was determined, regression analysis by the least squares method was used. All values given in the figures are means + SEM.
Neuraminidase treatment
Embryos were preincubated in 10-50 µ of DMEM contain¬ ing 0.2 U neuraminidase ml-1 (Arthrobacter ureafaciens protease-free neuraminidase, one unit hydrolyses 1 µ of N-acetyl-neuraminosyl-D-lactose in 1 min at 25°C; Boehringer Mannheim, Indianapolis, IN) for 1.5-2.0 h at 37°C. They were then rinsed twice with DMEM-FBS and subjected to the cyto¬ lytic assay described above. Control embryos were treated similarly except: (i) the neuraminidase was inactivated by preheating (65°C for 60 min; Uchida et al, 1979); or (ii) the NRS or complement was omitted.
Immunoglobulin concentration
The radial immunodiffusion assay described by Mancini et al.
(1965) was used with minor modifications to estimate the concentrations of immunoglobulins (IgG and IgM). Briefly, serial dilutions of NRS were added to wells of a 1% agar plate (i.e. w/v in PBS; PBS-agarose) containing specific antibodies incorporated into the gel: i.e. goat anti-rabbit IgM (µ chain specific, Cappel, West Chester, PA; diluted 1:200 v:v final concentration in PBS-agarose) or goat anti-rabbit IgG ( chain specific, Cappel; diluted 1:200 v:v final concentration in PBSagarose). The NRS was allowed to diffuse for 48 h and the areas of the radial precipitation rings were converted to concentration by means of a standard curve constructed using known amounts of rabbit IgM (Calbiochem, La Jolla, CA) or rabbit IgG (Cappel).
Results
Initial experiments were undertaken to characterize the complement-dependent embryo lytic factors present in NRS. The proportion of late blastocyst stage embryos that lysed after exposure to NRS and complement was linearly related to the concentration of NRS (Fig. 2 ). At concentrations of NRS above 3.0% there was little or no additional lysis of embryos and, therefore, a concentration of 4.0% NRS was used in all sub¬ sequent experiments. Furthermore, embryos placed in either NRS or complement alone were not lysed even with prolonged exposure. Embryos exposed to NRS and placed in a source of complement that was deficient in component C4 (Fig. 3a) , whereas removing IgG with protein A-Sepharose (Langone, 1982) , or treatment with unconjugated Sepharose, did not reduce lytic activity (Fig. 3b ).
Taken together these results suggest that the lysis of tro¬ phoblast cells on late stage mouse blastocysts is complement dependent and is mediated by IgM in the NRS.
Ontogeny of the susceptibility to lysis of embryos developing in vivo Embryos, recovered at different stages of development, were tested for susceptibility to lysis by NRS and complement. Those embryos recovered from the reproductive tract before day 5 of normal or delayed implanting pregnancy were not sensitive to lysis (Fig. 4a and b ). However, an increasing proportion of those recovered during the course of day 5 of normal pregnancy did become sensitive to lysis (Fig. 4a ). In addition, embryos recovered during the dormant phase of delayed implantation (i.e. days 5-10) were not sensitive; but increasing proportions of those recovered at intervals during the 18 h following a reactivating injection of oestrogen were lysed (Fig. 4b ). Interestingly, delaying implanting embryos treated with neuraminidase just before exposure to NRS and complement became sensitive to lysis on day 5 just as in normal pregnancy and they remained sensitive throughout the dormant phase associated with delayed implantation (Fig. 4c ).
Ontogeny of the susceptibility to lysis of embryos developing in vitro Although embryos recovered on day 3 of pregnancy and cultured for 1 day were not sensitive to lysis (i.e. day 4 equivalent embryos), an increasing proportion of those tested throughout the course of days 5 and 6 were lysed (Fig. 5) . Surprisingly, embryos cultured for longer (i.e. tested on days 7-9) became insensitive to lysis; pretreatment with neuramini¬ dase restored sensitivity. These changes were observed with embryos in culture regardless of whether they underwent trophoblast outgrowth or were cultured in hanging drops where outgrowth could not occur.
Discussion
Results of the experiments reported here demonstrate that stage-specific cell surface determinants are expressed on mouse blastocysts. The determinants are present but apparently 'masked' with sialic acid during the dormant phase associated with delayed implantation and 'unmasked' when the embryos are reactivated following an injection of oestrogen. Because it appears that the mechanism responsible for regulating ex¬ pression of these determinants comprises a developmentally fixed component and a hormone-responsive variable com¬ ponent, it is suggested that it has the potential for synchron¬ izing interactions between the conceptus and the mother at the time of implantation.
Antibody-dependent complement-mediated cytolytic assays have been widely used for studies of cell surfaces and offer several advantages: (i) the formation of complement pores (i.e. membrane attack complexes) on the plasma membrane requires binding of the antigen recognition portion (i.e. paratope) of a Fig. 4 . Ontogeny of the susceptibility to lysis of embryos developing in vivo, (a) Embryos recovered before day 5 of normal pregnancy are not sensitive to lysis by normal rabbit serum (NRS) and complement, whereas an increasing proportion of those recovered during the course of day 5 are lysed. (b) Mouse embryos recovered during the dormant phase associated with delayed implantation ( ) are relatively insensi¬ tive to lysis by normal rabbit serum (NRS) and complement, whereas those reactivated for implantation (O) following the injection of oestrogen (arrow) develop sensitivity within 18 h. (c) Treatment of delayed implanting embryos with neuraminidase before exposure to normal rabbit serum (NRS) and complement (O) reveals that they become sensitive to lysis on day 5 and remain sensitive throughout the dormant phase; untreated control embryos ( ).
complement-fixing antibody to a surface antigen in a specific orientation; (ii) lysis of intact nucleated cells indicates that the antigen is expressed on the cell surface in reasonable numbers; and (iii) a positive result indicates not only that the specific antigen is expressed on the surface but also that it is accessible 5 6 7
Day of development Fig. 5 . Ontogeny of the susceptibility of lysis of embryos developing in vitro. Mouse embryos recovered on day 3 of development and cultures in vitro remain insensitive to lysis by normal rabbit serum (NRS) and complement until the late blastocyst stage is reached between day 5 and day 6; sensitivity is lost with culture beyond day 7 ( ). By contrast, when cultured embryos are pretreated with neur¬ aminidase before exposure to NRS and complement, they retain their sensitivity to lysis beyond day 7 (O).
to large extracellular molecules such as pentameric IgM (approximately 900 kDa) and complement components (approximately 79-410 kDa; see Shin and Carney, 1988 for a discussion).
The antibody recognizing the determinants found in the present study is apparently restricted to a particular lot of rabbit serum since sera from other lots either did not lyse mouse embryos at all or did not exhibit a stage-specific pattern. The finding of naturally occurring cytolytic antibodies in various lots of nonimmune serum that recognize specific antigenic determinants has been reported by others and has proven important for studies of blood group antigens, major histocompatability antigens, and tumour associated antigens (see Miller et al, 1989) .
Studies directed at identifying cell surface molecules on trophoblast cells from preimplantation embryos have demon¬ strated the presence of multiple adhesion molecules and that there are changes in a variety of specific carbohydrate moieties and glycoconjugates at about the time of implantation (Solter and Knowles, 1979; Weitlauf, 1988; Carson et al, 1990) . It is not known whether any of the various surface molecules observed in these experiments are the same as the determinants found in the study reported here, because different immunological probes and methods of detection have been used. Nevertheless, there are some similarities with the spatiotemporal patterns of expression of a few of the previously reported factors. For example, the antigen recognized by the monoclonal antibody IIC3 (prepared against F9 teratocarcinoma cells) appears on mouse embryos at about the last blastocyst stage (i.e. day 4.5) and disappears from the surface soon after attachment and trophoblastic outgrowth in vitro (Marticorena et al, 1983;  Hathaway and Babiarz, 1988). Furthermore, treatment of trophoblastic outgrowths with neuraminidase has been reported to 'unmask' that antigen (Marticorena et al, 1983) , although this result could not be confirmed by Hathaway and Babiarz (1988) . Similarly, the galactose-containing glycolipid recognized by the monoclonal antibody N63 (IgM) raised to adhesive stage blastocysts (Svalander et al, 1989) and the Mac-2 antigen recognized by a monoclonal antibody M3/38 (IgG) raised to a 32 kDa murine macrophage cell surface glycoprotein (Ho and Springer, 1982; Leenen et al, 1986 ) are both present on late blastocyst stage mouse embryos (i.e. days 4-5), delayed implanting blastocysts and trophoblastic outgrowths (albeit the antigen identified by N63 is only weakly expressed on trophoblastic outgrowths: Svalander et al, 1989; Weitlauf and Knisley, 1992) .
Regardless of the identity of the determinants observed in this study, it is clear that they appear on trophectoderm at about the expected time of implantation whether the embryos develop in vivo or in vitro and that they are 'masked' during the dormant phase of delayed implantation. Although the present results provide no hard data about the functional significance of these surface determinants, or details of the mechanism responsible for their appearance, they do demonstrate that periimplantation embryos have the ability to present and modulate immunospecific cell surface determinants during a narrow developmental 'window'. The mechanism responsible for open¬ ing the 'window' is intrinsic to the embryos and results from a developmentally regulated programme that functions in vitro as well as in vivo; it does not appear to be related to the general decrease in surface sialylation that occurs on peri-implantation mouse embryos (Nilsson et al, 1973; Jenkinson and Searle, 1977; Hewitt et al, 1979) . A change in glycosylation of surface molecules has been proposed as one mechanism for the appearance and disappearance of stage-specific embryonic antigens (Gooi et al, 1981; Marticorena et al, 1983 ) and glycosyltransferases and sialidases are present on the surface of mouse embryos and the chorioallantoic membrane (Ada and Lind, 1961; Cook and Ada, 1963; Wudl and Chapman, 1976; Adler et al, 1977; Esworthy and Chapman, 1981; Shur, 1984) , but the present results provide no data to implicate specific enzymes in this phenomenon.
It is not yet known whether opening the 'window' is the result of de novo synthesis of the determinants or is due to 'unmasking' by removal of a molecule other than sialic acid. However, closing the 'window' apparently does depend on 'masking' by sialic acid and, again, the mechanism is intrinsic to the embryo since it functions in vitro. Although the present results do not identify the enzymatic activities responsible for changes in 'masking' of the determinants, they do indicate that mouse blastocysts can achieve such changes on their surfaces and that the uterine environment can influence the timing of these changes. Such a mechanism defines a 'window' to some extent and thus has the potential for synchronizing certain aspects of the interaction occurring between the conceptus and the mother at the time of implantation.
